Abstract-Increased oxidative stress in vascular cells plays a key role in the development of endothelial dysfunction and atherosclerosis. Uncoupling protein 2 (UCP2) is an important regulator of intracellular reactive oxygen species (ROS) production. This study was undertaken to test the hypothesis that, UCP2 functions as an inhibitor of the atherosclerotic process in endothelial cells. Adenovirus-mediated UCP2 (Ad-UCP2) overexpression led to a significant increase in endothelial nitric oxide synthase (eNOS) and decrease in endothelin-1 mRNA expression in human aortic endothelial cells (HAECs). Moreover, UCP2 inhibited the increase in ROS production and NF-B activation, and apoptosis of HAECs induced by lysophophatidylcholine (LPC) and linoleic acid. LPC and linoleic acid caused mitochondrial calcium accumulation and transient mitochondrial membrane hyperpolarization, which was followed by depolarization. UCP2 overexpression prevented these processes. In isolated rat aorta, Ad-UCP2 infection markedly improved impaired vascular relaxation induced by LPC. 6, 7 It is therefore suggested that endothelial dysfunction in metabolic syndrome is mediated, at least in part, by elevated circulating FFA and oxidized LDL levels.
M
etabolic syndrome is a cluster of simultaneously occurring vascular risk factors, such as central obesity, hypertension, dyslipidemia, and glucose intolerance. 1 Impaired endothelium-dependent vascular relaxation (endothelial dysfunction), generally considered a prerequisite for atherosclerosis, is a frequent finding in metabolic syndrome. 2 Subjects with metabolic syndrome frequently display elevated plasma concentrations of free fatty acid (FFA) and oxidized low-density lipoprotein (LDL). 1, [3] [4] [5] Lipid emulsion and oxidized LDL induce endothelial dysfunction similar to what is observed in metabolic syndrome. 6, 7 It is therefore suggested that endothelial dysfunction in metabolic syndrome is mediated, at least in part, by elevated circulating FFA and oxidized LDL levels.
Endothelium is important in the regulation of smooth muscle cell growth, migration, and proliferation. In this regard, endothelial apoptosis is an important early event in the pathogenesis of atherosclerosis. 8 Endothelium also modulates vascular tone through the release of relaxing or contracting substances, including nitric oxide (NO), prostacyclin, endothelium-derived hyperpolarizing factor (EDHF), and endothelin-1 (ET-1). Several lines of evidence have suggested that decreased availability of NO or increased availability of ET-1 in the vasculature are central to the pathogenesis of impaired vascular relaxation observed in the early stages of atherosclerosis. 9 -11 Increased oxidative stress in vascular cells is a key mechanism of endothelial dysfunction and atherosclerosis. 12 Various risk factors for atherosclerosis generate intracellular oxidative stress. A relatively high level of oxidative stress, in turn, induces vascular inflammatory "atherogenic" genes via redox-sensitive signaling pathways, and activates redoxsensitive transcription factors. 12 Mitochondrial uncoupling protein (UCP)2 is a novel member of the mitochondrial anion carrier family, and displays 60% sequence identity with the well-known thermogenic UCP1 from brown adipose tissue. 13 Previous studies suggest that UCP2 is involved in the control of mitochondrial membrane potential (⌬⌿ m ) 14 and reactive oxygen species (ROS) generation. 15 A direct role of UCP2 as an important regulator of atherogenesis is additionally suggested, in view of the finding that bone marrow transplantation of UCP2-deficient mice to low-density lipoprotein receptor-deficient mice markedly increased atherosclerotic lesion sizes. 16 However, the function of UCP2 in vascular endothelial cells is currently unclear.
In this study, we examined the possible antiatherogenic role of UCP2 in vascular endothelial cells. For this purpose, we analyzed the effects of adenovirus-mediated UCP2 overexpression on ⌬⌿ m , ROS generation, mitochondrial Ca 2ϩ flux, apoptosis, mRNA expression of endothelial nitric oxide synthase (eNOS), and ET-1 genes in cultured human aortic endothelial cells (HAECs), as well as on relaxation of isolated rat aorta.
Materials and Methods

Cell Culture
HAECs were obtained from BioWhittaker Inc. (Walkersville, Md), and maintained in endothelial basal medium (EBM, BioWhittaker) supplemented with various growth factors and 2% fetal bovine serum (FBS). Cells were passaged more than 5 times before use in experiments. Cells were transferred to modified Eagle's medium (MEM) containing 0.5% FBS, and incubated in media containing various substances for the indicated times.
Preparation of Recombinant Adenovirus
Adenoviruses containing human UCP2 (Ad-UCP2) and ␤-galactosidase (Ad-␤-gal) cDNA were transferred (6ϫ10 6 p.f.u./mL) to confluent HAEC by 1 hour infection at 37°C in DMEM without serum and incubation in normal growth media for 48 hours. 17 Western blots in subcellular fractions showed that UCP2 was overexpressed mainly within mitochondria (see Figure I available in the online data supplement at http://circres.ahajournals.org). Overexpression of the UCP2 gene in the rat aortic ring was achieved by 30 minute adenoviral infection of 6ϫ10 6 p.f.u./mL at 37°C in DMEM without serum and incubation in media containing 5% BSA for 24 hours. 18 
Preparation of iRNA
The iRNA specific for human UCP2 (5Ј-AAC UGU UUG ACA GAA UCA UAC AGG C-3Ј) and control iRNA (5Ј-AAC ACU UGU UAG ACA GUA ACA UGG C-3Ј), which has same GC contents as target sequences and has no effect on silencing of UCP2 gene expression, were synthesized (Invitrogen, Carlsbad, Calif).
Northern Blot Analysis
ET-1 and eNOS mRNA levels were analyzed by Northern blot analysis, as described previously. 19 Band intensities were determined with a densitometer and corrected by that of GAPDH.
Measurement of Intracellular NO Level
The NO level in HAECs was measured in situ by using DAF-FM diacetate (Molecular Probes). 20 
Measurement of Intracellular ROS Production
HAECs were incubated with 10 mol/mL carboxydichlorodihydrofluorescein diacetate (DCFH 2 -DA, Molecular Probes, Eugene, Ore) at 37°C. After 15 minutes incubation, the increase in DCFH 2 oxidation was measured using FACSCalibur (Becton Dickinson). 21, 22 Electrophoretic Mobility Shift Assay (EMSA) NF-B activity was determined by EMSA as previously described. 23 Opening of PT pores and release of cytochrome c were assessed as previously described. 25 
Analysis of Apoptosis
Measurement of Activity of Mitochondrial Respiratory Chain
Mitochondrial respiration was measured as previously described. 26 
Vascular Function Study
Vascular function study was performed using an isometric force displacement transducer (Hugo Sachs Elektronik KG D-7806) and a polygraph (Graphtec Linerecorder mark 8 WR3500) as described previously. 18 
Statistical Analysis
Results are expressed as meansϮSEM. Statistical significance was estimated by 1-way ANOVA and Student Newman-Keuls test for comparison of several groups. Differences were classified as significant at PϽ0.05. Figure 1 . Effect of adenoviral overexpression of the human UCP2 gene on ET-1 (A) and eNOS (B) mRNA expression and NO production (C) in HAECs. HAECs were infected with Ad-UCP2 or Ad-␤-gal. Two days after infection, HAECs were maintained in media containing 0.5% FBS for 12 hours, and exposed to 4 g/mL LPC for 4 hours or 300 mol/L linoleic acid for 6 hours. Cells were lysed, and total RNA extracted. Total RNA (10 g) was hybridized with human ET-1 and eNOS probe. RNA quantity was normalized by GAPDH. The NO level in HAECs was measured in situ by using DAF-FM diacetate. Values are presented as meansϮSEM of 4 independent experiments. *PϽ0.01 vs Control, **PϽ0.01 vs ␤-gal.
An expanded Materials and Methods section is available in the online data supplement.
Results
UCP2 mRNA Expression in HAECs
Cultured HAECs displayed significant levels of UCP2 mRNA (online data supplement Figure IIA ). Lysophosphatidylcholine (LPC) and linoleic acid increased UCP2 mRNA levels by 3.5 and 4.1-fold, respectively.
Effects of Adenoviral UCP2 Gene Transfer on UCP2 mRNA Expression
HAEC infected with adenovirus containing UCP2 (Ad-UCP2) cDNA at doses of 3, 6, 12, and 24ϫ10 6 p.f.u./mL exhibited 2-, 6-, 13-, and 26-fold increase in UCP2 mRNA levels, respectively, compared with cells infected with Ad-␤-gal (online data supplement Figure IIB ). The level of UCP2 mRNA following adenoviral UCP2 gene transfer at the dose of 6ϫ10 6 p.f.u. was Ϸ2-fold higher than that induced by LPC and linoleic acid. Accordingly, this dose of Ad-UCP2 was used in subsequent experiments.
Effects of Adenoviral UCP2 Gene Transfer on ET-1 and eNOS mRNA Expression and Intracellular NO Level
LPC and linoleic acid induced a significant increase in ET-1 mRNA expression, compared with the control (PϽ0.01). Notably, this increased ET-1 mRNA expression was diminished to levels comparable to that of the control, following treatment with Ad-UCP2 ( Figure 1A ).
Expression of eNOS mRNA was significantly increased in the presence of LPC or linoleic acid, relative to the control (PϽ0.01, Figure 1B ). However, intracellular NO level was decreased by LPC or linoleic acid ( Figure 1C ). UCP2 overexpression increased eNOS mRNA expression and intracellular NO level ( Figure 1B and 1C).
Effects of Adenoviral UCP2 Gene Transfer on Intracellular ROS Generation and NF-B Activation
Incubation with LPC and linoleic acid significantly increased intracellular ROS production. On UCP2 overexpression, the Effect of adenoviral overexpression of UCP2 on LPC-and linoleic acid-induced apoptosis and caspase activation. HAECs were infected with Ad-UCP2 or Ad-␤-gal. Two days after infection, cells were maintained in media containing 0.5% FBS for 12 hours and exposed to 4 g/mL LPC for 8 hours or 300 mol/L linoleic acid for 16 hours. After treatment, apoptosis was analyzed by measuring the levels of cytosolic histone-bound DNA fragments using a cell death ELISA assay kit (A) and visualization of DNA fragmentation using Southern blot (B). Caspase-3 activation was analyzed by measuring activities using a caspase fluorescence assay kit (C) and immunoblotting for active subunit of caspase-3 (D). The values are presented as meansϮSEM of 5 independent experiments. *PϽ0.01 vs Control, **PϽ0.01 vs ␤-gal.
increase in ROS production induced by LPC and linoleic acid was suppressed (Figure 2A ). Catalase and uric acid, which scavenges hydrogen peroxide and peroxynitrite respectively, inhibited linoleic acid/LPC-increased DCF fluorescence, indicating that linoleic acid and LPC increased both hydrogen peroxide and peroxynitrite production (online data supplement Figure III ). LPC and linoleic acid activated NF-B in HAECs. Ad-UCP2 infection markedly decreased activation of NF-B induced by these agents ( Figure 2B ).
Effects of Adenoviral UCP2 Gene Transfer on Apoptosis and Caspase Activation
LPC and linoleic acid increased endothelial apoptosis by 2.3-and 2.5-fold, respectively. UCP2 overexpression protected HAEC from LPC-and linoleic acid-induced apoptosis by 38% and 40%, respectively ( Figure 3A) . Southern blotting data additionally revealed that UCP2 decreased linoleic acid-induced DNA fragmentation ( Figure 3B ). FACScan revealed that UCP2 overexpression inhibited both apoptosis and necrosis of HAECs (online data supplement Figure IV) .
LPC and linoleic acid induced a significant increase in caspase-3 ( Figure 3C ), -8, and -9 activities (online data supplement Figure VA and B) in HAECs. Following UCP2 overexpression, this lipid-induced increase in caspase activity was inhibited. The generation of active caspase-3 from the proenzyme was enhanced in the presence of linoleic acid ( Figure 3D ). Linoleic acid-induced cleavage of caspase-3 into active subunits was prevented in the presence of UCP2.
Effects of UCP2 iRNA on Apoptosis and Caspase Activation
UCP2 iRNA could effectively reduce the endogenous level of UCP2 mRNA at doses higher than 10 pmol/L compared with control iRNA (Figure 4A ). The UCP2 iRNA activated caspase 3 to a significant extent, whereas the control iRNA did not ( Figure 4B ). UCP2 iRNA exaggerated LPC or linoleic acid-induced apoptosis compared with control cells ( Figure  4C ). UCP1 and UCP3 iRNA did not affect apoptosis in control and UCP2 overexpressed cells (data not shown), indicating that the effect of UCP2 is specific. These data demonstrate that endogenous UCP2 expression is important for preventing apoptosis in HAECs.
Effects of UCP2 Overexpression on the LPCand Linoleic Acid-Induced Changes in ⌬⌿ m and [Ca 2؉ ] m
In the Ad-UCP2-infected HAECs, the intensity of TMRE fluorescence at baseline was lower than that in the Ad-␤-galinfected HAECs ( Figure 5A and 5B), indicating that the mitochondria are partially depolarized. LPC and linoleic acid caused transient hyperpolarization, which was followed by a gradual decrease in ⌬⌿ m. In the Ad-UCP2-infected HAECs, LPC and linoleic acid did not cause these changes ( Figure 5A and 5B, and online data supplement Figure VIA) . Mitochondrial Ca 2ϩ uptake, particularly in association with oxidative stress, was shown to trigger cell death. 27 A reduction of ⌬⌿ m was shown to limit intramitochondrial Ca 2ϩ accumulation. 27 LPC and linoleic acid increased, and UCP2 overexpression prevented Ca 2ϩ accumulation ( Figure 5C and 5D, and online data supplement Figure VIB and VIC). Pretreatment with ruthenium red, the mitochondrial Ca 2ϩ uniporter blocker, blocked the LPC-and linoleic acid-induced increase in [Ca 2ϩ ] m ( Figure 5E and 5F). These data show that the cytoprotective effect of UCP2 overexpression is related to the inhibition of mitochondrial Ca 2ϩ overload.
Effects of UCP2 Overexpression on the Activity of Mitochondrial Respiratory Chain
Linoleic acid and LPC significantly decreased state 3 respiration (increased ADP/O ratio; less oxygen consumed per amount of ADP converted to ATP) and state 4 respiration, as measured by O 2 consumption rate in the presence of oligomycin to inhibit ATP synthase ( Figure 6B and 6C). Adenoviral overexpression of UCP2 significantly increased both state 3 and state 4 respiration ( Figure 6B and 6C).
Inhibition of the Opening of PT Pores in UCP2 Overexpressed Cells
The fluorescence because of calcein in isolated mitochondria from LPC or linoleic acid-treated cells was significantly lower than that of control cells ( Figure 7A ), indicating an opening of PT pores (PTP). In contrast, UCP2 overexpression inhibited the opening of PTP ( Figure 7A ). In addition, treatment with linoleic acid resulted in the liberation of cytochorome c from mitochondria to cytosol ( Figure 7B ). The liberation of cytochrome c by linoleic acid was blocked in cells overexpressing UCP2 ( Figure 7B ).
Effects of Adenoviral UCP2 Gene Transfer on LPC-Induced Vascular Dysfunction
To determine whether UCP2 overexpression in aortic tissue improves vascular function, we infected the aortic ring with Ad-UCP2 ex vivo, and measured endothelium-dependent and independent vasorelaxation. Immunohistochemical staining for UCP2 protein in Ad-UCP2-treated vessel preparations showed that UCP2 protein was found mainly in endothelium and adventitia in Ad-UCP2-treated aortas (online data supplement Figure VII) . Endothelium-dependent (acetylcholine-induced) and independent (nitroprusside-induced) relaxation was not affected by Ad-UCP2 alone ( Figure 8A and 8B) . LPC significantly decreased endothelium-dependent relaxation of the aortic ring infected with Ad-␤-gal ( Figure 8A ), but did not affect endothelium-independent relaxation. Ad-UCP2 infection significantly improved impaired endothelium-dependent relaxation induced by LPC.
Discussion
In this study, we have shown that UCP2 is expressed in HAECs, and upregulated by LPC and linoleic acid. Adenovirus-mediated transfer of the UCP2 gene into HAECs profoundly suppressed ROS generation, NF-B activation, and mRNA expression of ET-1, and enhanced eNOS transcription. UCP2 additionally inhibited caspase activation and endothelial apoptosis in response to LPC and linoleic acid. LPC and linoleic acid caused mitochondrial calcium accumulation, transient mitochondrial membrane hyperpolarization (followed by depolarization), decreased oxygen consumption, and cytochrome c release. UCP2 overexpression prevented all these processes and improved impaired endotheliumdependent vascular relaxation induced by LPC. Suppression of endogenous expression of UCP2 exaggerated linoleic acidand LPC-induced caspase activation and apoptosis.
UCPs are located in the mitochondrial inner membrane, and partially dissipate the ⌬⌿ m . Previous studies have shown that UCP2 is beneficial to cells and organisms, because it reduces ROS formation. 15,28 -30 For example, UCP2 prevents the apoptosis of cardiomyocytes and neuronal cells by decreasing ROS. 15, 31, 32 The mitochondrial respiratory chain generate ROS when the electrochemical gradient across the mitochondrial inner membrane is high and the rate of electron transport is limited. 15 In agreement with previous studies in other cells, 26 we found that adenoviral UCP2 overexpression decreased coupling of mitochondrial oxidation and phosphorylation, as evidenced by a decrease in the ADP/O ratio and increased state 4 respiration. These results suggest that UCP2 decreases ROS generation by reducing ⌬⌿ m and increasing the rate of electron transport.
Linoleic acid and LPC stimulate ROS generation in cells and activate the redox-sensitive transcription factors, NFB and AP-1. 33, 34 The promoter region of human UCP2 contains AP-1 binding sites near the transcription initiation site. 35 This finding strongly suggests that transcription of the UCP2 gene is induced by intracellular ROS and the consequent activation of AP-1. Consistent with this theory, recent studies demonstrated that superoxide activates UCPs in various tissues. 36 It has been proposed that induction of UCP2 by ROS is a compensatory mechanism to counteract increased intracellular oxidative stress. 37 In this study, UCP2 mRNA expression increased 3-to 4-fold by LPC or linoleic acid. However, this increase in UCP2 may not be sufficient to protect against LPC/linoleic acid-induced increases in ROS. Supporting this idea, UCP2 overexpression at a sufficient dose (6ϫ10 6 p.f.u.) almost completely suppressed the increase in ROS production induced by LPC and linoleic acid, whereas at a lower dose (3ϫ10 6 p.f.u.), UCP2 incompletely suppressed ROS generation (online data supplement Figure IX) .
Endothelium acts not only as a barrier, but also as a regulator of vascular tone and smooth muscle cell growth, migration, and proliferation. Vascular tone is modulated through the release of relaxing and contracting substances. Among them, NO and ET-1 are the physiologically most important regulators of vascular tone. NO produced by eNOS has anti-inflammatory effects on the vascular wall, and inhibits the migration and proliferation of vascular smooth muscle cells. 11 On the other hand, ET-1 displays vasoconstrictive and cell-proliferating effects. 38 In agreement with previous studies, 39, 40 linoleic acid and LPC increased the expression of both eNOS and ET-1 in HAECs. This finding prompts the question of why LPC and linoleic acid decrease vascular relaxation yet increase eNOS levels? The bioavailability of NO is determined by the balance between production and degradation. NO is quenched by superoxide to form peroxynitrite. In this study, both catalase and uric acid, which scavenge hydrogen peroxide and peroxynitrite respectively, significantly inhibited linoleic acid/LPC-increased DCF fluorescence, indicating that linoleic acid and LPC increase both hydrogen peroxide and peroxynitrite production. In addition, direct measurement of NO in the cells by using DAF-FM diacetate showed that NO level is decreased by linoleic acid and LPC. These results suggest that increased quenching by superoxide decreases NO availability, and that eNOS expression is increased to overcome this decrease in NO availability. UCP2 suppressed ET-1 expression, and increased eNOS expression induced by LPC and linoleic acid. Increased eNOS and decreased ET-1 expression in the presence of UCP2 may contribute to prevention of atherosclerosis.
Endothelial apoptosis is an important early event in the pathogenesis of atherosclerosis, 8 and increased intracellular oxidative stress plays an important causative role in the pathogenesis of endothelial apoptosis. 8, 12 In agreement with previous data on other cell types, 14,31 overexpression of UCP2 inhibited LPC-and linoleic acid-induced endothelial apoptosis and caspase activation. In addition, suppression of UCP2 expression using UCP2-specific iRNA exaggerated caspase activation and apoptosis induced by LPC and linoleic acid. Furthermore, UCP2 overexpression prevented the changes in ⌬⌿ m and reduced mitochondrial Ca 2ϩ accumulation, ROS generation, PTP opening, and cytochrome c release induced by LPC or linoleic acid. It has long been thought that a decrease of ⌬⌿ m is a marker of apoptotic cells. 41 More recently, it was proposed that a significant increase in ⌬⌿ m (hyperpolarization) represents an earlier prerequisite for cell death. 42, 43 Consistent with these studies, we found that LPC and linoleic acid caused transient hyperpolarizaion that was followed by depolarization, and that UCP2 overexpression prevented these processes. A reduction in ⌬⌿ m was shown to limit the mitochondrial accumulation of Ca 2ϩ . 44 The accumulation of mitochondrial Ca 2ϩ is associated with the production of ROS 14, 37 and leads to the increased mitochondrial permeability to cytochrome c and other molecules (through the PT pores), which are known to initiate a cascade of events culminating in cell death. Taken together, the present results indicate that lowering ⌬⌿ m by UCP2 is the primary mechanism preventing the cascade of other events leading to apoptosis.
Finally, we examined whether UCP2 overexpression affects vascular function in isolated rat aorta. As reported previously, 45 LPC impaired endothelium-dependent but not endothelium-independent vascular relaxation. UCP2 partially reversed the endothelium-dependent vascular dysfunction induced by LPC. Defective endothelium-dependent vasodilation is an important early event in the development of atherosclerosis. 10 These ex vivo results confirm the antiatherogenic role of UCP2 in vascular endothelial cells.
In summary, UCP2 overexpression reduced ROS generation and led to a significant increase in eNOS and decrease in endothelin-1 mRNA expression in HAECs. UCP2 inhibited endothelial apoptosis in response to LPC and linoleic acid, and improved impaired endothelium-dependent vascular relaxation induced by LPC. The data collectively suggest that UCP2, functions as a physiologic regulator of ROS generation in endothelial cells. Measures to increase UCP2 expression in vascular cells may aid in preventing the development and progression of atherosclerosis in patients with metabolic syndrome. p.f.u./mL) at 37°C in DMEM without serum and 24 hours incubation with medium containing 5% BSA. After exposure to 4 g/mL LPC, contraction of aortic rings was introduced by treatment with 300 mol/L phenylephrine. Acetylcholine (from 10 Ϫ9 to 10 Ϫ5 mol/L) and sodium nitroprusside (from 10
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to 10 Ϫ7 mol/L) were added serially to the bath to induce endothelium-dependent vasorelaxation (A) and endotheliumindependent vasorelaxation (B), respectively. Values are presented as meansϮSEM of 6 independent experiments. *PϽ0.01 vs ␤-gal.
